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OBJECTIVE

Corneal nerve fiber length (CNFL) represents a biomarker for diabetic distal sym-
metric polyneuropathy (DSP). We aimed to determine the reference distribution
of annual CNFL change, the prevalence of abnormal change in diabetes, and its
associated clinical variables.

RESEARCH DESIGN AND METHODS

We examined 590 participants with diabetes (399 with type 1 diabetes [T1D] and
191 with type 2 diabetes [T2D]) and 204 control patients without diabetes with at
least 1 year of follow-up and classified them according to rapid corneal nerve fiber
loss (RCNFL) if CNFL change was below the 5th percentile of the control patients
without diabetes.

RESULTS

Control patientswithoutdiabeteswere37.9619.8 yearsold, hadmedian follow-up
of three visits over 3.0 years, and mean annual change in CNFL was 20.1% (90%
CI25.9% to 5.0%). RCNFLwas defined by values exceeding the 5th percentile of 6%
loss. Participants with T1D were 39.9 6 18.7 years old, had median follow-up of
three visits over 4.4 years, and mean annual change in CNFL was 20.8% (90%
CI214.0% to 9.9%). Participants with T2D were 60.46 8.2 years old, had median
follow-upof three visits over 5.3 years, andmean annual change in CNFLwas20.2%
(90% CI 214.1% to 14.3%). RCNFL prevalence was 17% overall and was similar by
diabetes type (64 T1D [16.0%], 37 T2D [19.4%], P5 0.31). RNCFLwasmore common
in those with baseline DSP (47% vs. 30% in those without baseline DSP, P5 0.001),
which was associated with lower peroneal conduction velocity but not with base-
line HbA1c or its change over follow-up.

CONCLUSIONS

An abnormally rapid loss of CNFL of 6% per year or more occurs in 17% of diabetes
patients. RCNFL may identify patients at highest risk for the development and
progression of DSP.

Diabetic distal symmetric polyneuropathy (DSP) is one of the most prevalent and
pervasive diabetes complications that is associated with morbidity and the frequent
useofhealth care resources (1). Thenatural historyofDSPbeginswithdiffuse injury to
small unmyelinated sensory nerves (Ad and C fibers) that include autonomic nerves
and those that innervate the skin for conveying pain and temperature sensation. It is
generally believed that nerve injuryfirst occurs asymptomatically to small nervefibers
before progressing to involve large nerve fibers (2). While nerve conductions studies
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(3) are the standard clinical test for DSP,
the development of in vivo corneal con-
focal microscopy (IVCCM) measurement
of corneal nerve fiber length (CNFL) rep-
resents a measure of small nerve fiber
morphology (4–7) that might permit
identification of early stages of diabetic
DSP and allows for repeated noninvasive
monitoring.
While CNFL is a biomarker for DSP risk

and disease status, it has been shown to
perform well alongside standard clinical
tests of small and large fiber function
(5,8) and provides the opportunity to iden-
tify early changes in DSP (7). Moreover,
CNFL has the highest validity and repro-
ducibility compared with other corneal
nerve parameters measured by IVCCM
(5,9,10). Current research of CNFL has
used cross-sectional studies to investigate
predictive validity (5,11), which shows
the importance of identifying early
nerve damage in DSP (12). However,
these findings do not provide insight
into longitudinal change in CNFL. Un-
derstanding the normal distribution of
annual change in CNFL might help iden-
tify diabetes patients who have initiated
a pathological process of small fiber dam-
age, despite their CNFL and small nerve
fiber tests showing results within the clin-
ically normal range.
While a single measure of CNFL can

serve as a biomarker for DSP, it is im-
perative to improve on the performance
of thismeasure for identifying patients at
risk for rapid DSP progression. Previous
work has identified normative values for
CNFL by age in control patients without
diabetes (13), and smaller studies in type
1 diabetes have suggested a CNFL cut
point for identifying patients at risk for
developing future DSP (11,14); however,
the reference distribution for annual
change in CNFL in control patients with-
out diabetes and individuals with diabe-
tes is presently unknown. The objective
of this analysis was to determine the ref-
erence distribution for the annual change
in CNFL in well-characterized control pa-
tients without diabetes (N5 204 followed
for 3 years), from this distribution deter-
minea threshold for abnormal loss [termed
rapid CNFL loss (RCNFL)], and apply this
reference threshold to individuals with
diabetes to determine the prevalence of
abnormal loss in 590 participants with
diabetes. The secondary objectives were
to identify clinical variables associated
with change in CNFL and RCNFL.

RESEARCH DESIGN AND METHODS

Study Design
The study is a post hoc, secondary anal-
ysis of a prospective, longitudinal obser-
vational study investigating the change in
CNFL in individuals with type 1 diabetes
(T1D) and type 2 diabetes (T2D) (clinical
trial reg. no. NCT02423434, clinicaltrials
.gov). The objective of this secondary
analysis is to determine the reference
range for annual change inCNFL in control
patients without diabetes and to identify
the prevalence of such abnormal loss in
those with diabetes. The protocol and
consent procedures at all sites were
approved by local research ethics boards,
and written informed consent was pro-
vided by all study participants or their
legal guardians.

Study Population
The study population was accrued from
a consortium of five different cohort
studies initiated between 2008 and 2011
(4,5,9,13,15–18). The objectives of the
five studieswere to determine the role of
IVCCM as a biomarker for DSP. The five
study centers included Queensland Uni-
versity of Technology, the University of
Calgary, the University of Manchester,
the University of Michigan, and the Uni-
versity of Toronto. Baseline data have
been recently published (7). The current
study includes participant-level data from
all baseline visits and follow-updata from
September 2014 to May 2018.

The presence of diabetes was defined
in accordance with the American Diabetes
Association guidelines. Neuropathy due to
nondiabetic causes, current eye infection
or other conditions that precluded IVCCM,
or allergy to the ocular anesthetic used
during the IVCCM exam were exclusions.
Neuropathies due to nondiabetic causes
were determined through detailed par-
ticipant history or through screening of
immunoglobulins andB12 levels, depend-
ing on each site’s local protocol.

A total of 998 participants with T1D
and T2D were recruited for the study, of
which 590 (399 T1D and 191 T2D) had at
least one follow-up visit and were eli-
gible for this analysis. A total of 204
control patients without diabetes were
recruited as a reference population
during the same period.

Study Procedures
All procedures noted were performed at
each study visit.

IVCCM Procedures

All participants underwent examination
of the subbasal nerveplexusof the cornea
using the Heidelberg Tomograph Rostock
Cornea Module III (Heidelberg Engi-
neering GmbH, Heidelberg, Germany
and Heidelberg Engineering, Smithfield,
RI) according to published methods (19).
In brief, topical anesthetic and a viscous
gel medium were applied to the eye,
permitting a visual gel bridge between
the cornea and the sterile single-use cap
on the microscopes’ objective lens. Im-
ages were taken through the subbasal
layer over a depth of 50 mm using
methods that had minor procedural var-
iations between centers (20). The most
technically sound images were identi-
fied manually by trained site staff, and
IVCCM parameters were determined
using fully automated software (ACC-
Metrics Image Analysis Software v2.0,
developed by M. Dabbah and X. Chen,
University ofManchester,Manchester, U.K.).

Results from up to eight images per
eye were averaged. Measured parame-
ters were CNFL, expressed as the total
length of nerves in mm/mm2 of image
area; corneal nerve branch density (CNBD),
expressed as the number of branches/
mm2; and corneal nerve fiber density
(CNFD), expressed as the number of
fibers/mm2. Published data have dem-
onstrated a similar cohort of IVCCM
characteristics, reproducibility, and con-
current validity regardless of the study
center (5,9,10,15,21,22).

Clinical Evaluation and Electrophysiology

DSP cases were defined by: 1) the pres-
ence of one or more neuropathic symp-
toms and/or 2) the presence of two or
more signs of neuropathy, corroborated
by 3) the presence of electrophysio-
logical abnormality (11,12). Participants
not fulfilling this definition were classi-
fied as control subjects. The presence of
neuropathic signs and symptoms was
determined by a comprehensive neuro-
logical examination. Electrophysiologi-
cal abnormality was determined using
clinical nerve conduction studies. Dom-
inant limb peroneal and sural nerves
were measured according to the stand-
ards of the American Association for Neu-
romuscular and Electrodiagnostic Medicine.
Eachcenterperformedexaminationsand
collected data independently and results
were sent to the center leading the sta-
tistical analysis (Toronto).
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Other evaluations included blood
pressure,anthropometricmeasurements,
alcohol intake, smoking history, and
biochemical tests including glycated
hemoglobin A1c (HbA1c), serum lipids,
and urinary albumin excretion (generally
conducted on the same day as or within
1 week of the neuropathy evaluation).
Cooling detection thresholds were de-
termined using Medoc TSA-II NeuroSen-
sory Analyzer (Medoc AdvancedMedical
Systems, Ramat-Yishai, Israel) along with
vibration perception threshold (VPT) (Neu-
rothesiometer; Bail Instruments Limited,
Trafford Park, U.K.), using the method of
limits (23). The Calgary site used CASE IV
(WRMedical Electronics Co., Maplewood,
MN) for cooling detection thresholds and
VPT testing and these data (n5 73) were
excluded from the analysis for lack of
comparability.

Statistical Analysis
To determine the reference distribution
of annual CNFL change, the slope of CNFL
over time was calculated for each par-
ticipant. In control patients without di-
abetes, the slope was calculated using
linear regression with log-transformed
CNFL values as the dependent variable
and time in years as the independent
variable (with resulting parameter esti-
matesexponentiatedand subtracted from
1 to provide units in percent change per
year). To determine a population-level
estimate of slope in the control patients
without diabetes, and to account for
variation in length of follow-up, fre-
quency of follow-up examinations, and
site-specific variation in corneal nerve
parameter levels, a mixed effects model

was used. Time was specified as the
randomeffect (both intercept andslope),
and the study site was specified as an
additional fixed effect. The threshold for
abnormal change in CNFL was set a priori
as the 5th percentile of slope values in
the control patients without diabetes
(i.e., RCNFL). This threshold was applied
to the arithmetic slopes of the diabe-
tes participants. While we acknowledge
the 2.5th percentile is more commonly
used to determine abnormality in clinical
variables, given the sample size of our
control patients without diabetes (n 5
204), this would have resulted in n 5
5 with RCNFL. As such, the 5th percen-
tile was used to determine the reference
distribution to improve our power such
that there were n 5 11 participants with
RCNFL. However, in the sensitivity anal-
ysis, we reported the 2.5th (and 7.5th)
percentile values.

The prevalence of RCNFL was com-
pared using the x2 test. Basic statistical
comparisons of other characteristics were
made using ANOVA, the Kruskal-Wallis
test, or thex2 test, depending onvariable
distribution. Linear regression was used
to test associations between the change
in CNFL (as a continuous dependent var-
iable) and the change in neurological,
electrophysiological, and clinical varia-
bles (independent variables); univariable
regression was used and the resulting
regression parameters indicate the change
in the given independent variables (mea-
sured in unit-change per year) associated
with a 1-unit loss of CNFL (measured in
percent change per year). Additionally,
comparisons of changes in neurological,

electrophysiological, and clinical charac-
teristics between participants with di-
abetes with and without RCNFL were
made using a linear mixed model with
patient as the random effect. As a de-
scriptive analysis, we tested for the pres-
ence of nonlinear relationships between
time and CNFL; this was done using a
linear random effects model that in-
cluded quadratic and cubic terms for
time. This analysis was performed sep-
arately stratified by diabetes and by RCNFL
case-control subgroups, and penalized
spline curves were used to illustrate the
associations. An analytical plan section
in the Supplementary Materials fur-
ther describes the planned analyses
performed to generate the Supplemen-
tary Tables. Ana level of 0.05was used for
tests of statistical significance and statis-
tical analyses were performed using SAS
version 9.4 for Windows (SAS Institute,
Cary, NC).

RESULTS

The baseline characteristics of the study
population are shown in Table 1. Control
patients without diabetes were 37.9 6
19.8 years of age, and 50%were women.
Baseline CNFL was 16.5 6 4.0 mm/mm2

witha change inCNFLof20.163.3%per
year measured from a median of three
follow-up visits over a median of 3 (2.0,
3.8) years. Those with T1D were 40.1 6
18.9 years of age, and 49%were women.
Baseline CNFL was 13.8 6 4.2 mm/mm2

with a change in CNFL of 20.7 6 11.4%
per year measured from a median of
three follow-up visits over a median of
4.4 (4.0, 7.0) years. Those with T2D were

Table 1—Baseline characteristics of the 204 control patients without diabetes and 590 patients with diabetes

Characteristic
Control patients without diabetes Patients with T1D Patients with T2D

P value(n 5 204) (n 5 399) (n 5 191)

Female sex 102 (50) 206 (48) 64 (32) ,0.001

Baseline age (year) 37.61 6 19.79 39.90 6 18.73 60.39 6 8.16 ,0.001

BMI (kg/m2) 23.78 6 5.22 25.66 6 4.91 31.38 6 5.99 ,0.001

HbA1c (%) 5.48 6 0.35 8.25 6 1.56 7.48 6 1.34 ,0.001

CNFL (mm/mm2) 16.48 6 4.03 13.48 6 4.29 13.80 6 4.41 ,0.001

CNBD (branches/mm2) 35.36 6 19.63 22.66 6 16.74 26.95 6 19.98 ,0.001

CNFD (fibers/mm2) 27.29 6 9.03 20.55 6 8.98 20.54 6 9.48 ,0.001

CNFL slope (percent/year) 0.64 6 9.30 20.82 6 5.05 20.25 6 4.47 0.138

CNFL slope 90% CI 25.9 to 5.0 214.0 to 9.9 214.1 to 14.3 d

RCNFL (1) 11 (5.4) 64 (16.0) 37 (19.4)* 0.001

Median follow-up time (years) 3.0 (2, 3.8) 4.4 (4.0, 7.0) 5.3 (3.0, 6.0) ,0.001

Data are presented as mean 6 SD, n (%), or median (interquartile range). P value for trend comparison between control patients without diabetes
and the T1D and T2D subcohorts. *The combined number of patients with T1D andwith T2Dwho had RCNFLwas 101, providing a prevalence of 17.1%
(101/590).
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60.4 6 8.2 years of age and 54% were
women. Baseline CNFL was 13.8 6 4.3
mm/mm2withachange inCNFLof20.16
8.7% per year measured from a median
of three follow-up visits over and 5.3
(3.0, 6.0) years.
The reference distribution for annual

percent change in CNFL in the study
population of control patients without
diabetes had a 5th percentile threshold
value of 25.9% indicating that a loss of
6% or more (observed in 11 individuals)
identified abnormal change in CNFL, that
is, RCNFL. While this study was powered
to examine the 5th percentile, sensitivity

analysis using instead the 2.5th or 7.5th
percentile produced a similar threshold
value and similar proportions of diabetes
participants who met the criteria for
RCNFL (Supplementary Table 1). The
control patients without diabetes with
RCNFL had lower baseline CNFL (12.976
3.50 vs. 16.66 6 3.98, P 5 0.0029), and
the average CNFL slope was lower
(27.68 6 2.15% vs. 0.28 6 2.84%, P ,
0.001) compared with control patients
without diabetes without RCNFL. There
were no differences in baseline charac-
teristics other than the baseline level
of CNFL between the control patients

without diabetes with stable CNFL and
those with RCNFL. The reference distri-
bution for annual change in CNFD and
CNBD for control patients without diabe-
tes and patients with diabetes are shown
in Supplementary Table 3. The threshold
forabnormality in thesemeasureswas
greater in magnitude than the 6% seen
for CNFL.

There was a higher proportion of
participantswithT1D(n564, 16.0%)and
T2D (n 5 37, 19.4%) that met the criteria
forRCNFLcomparedwithcontrolpatients
without diabetes (P , 0.001) (Fig. 1A).
The change in CNFL for participants with

Figure 1—Annual change in CNFL and representative images. A: The threshold for RCNFL (25.9%) was determined by the 5th percentile of control
patients without diabetes. Therewas a higher incidence of RCNFL in the diabetes groups comparedwith control patients without diabetes (P, 0.001).
Two outliers beyond 80% change in the control and T1D group are not shown. The red line indicates themean change in each group. B: Change in CNFL
from baseline to follow-up is shown for participants with andwithout RCNFL, displayed using spline curves. Change in CNFL from baseline to follow-up
was as follows: control participants without diabetes 0.176 2.69 mm/mm2; control participants without diabetes with RCNFL22.006 3.56
mm/mm2; T1D 0.60 6 2.49 mm/mm2; T1D with RCNFL 24.41 6 2.50 mm/mm2; T2D 0.81 6 2.94 mm/mm2; T2D with RCNFL 24.97 6 2.11
mm/mm2. C and D: Images of control participants without diabetes at baseline (CNFL 17.8 mm/mm2) and with stable CNFL at 2 years follow-up (CNFL
17.9 mm/mm2, slope 0.3% per year). E and F: A participant with T1D with no DSP at baseline (CNFL 13.4 mm/mm2) or 6 years follow-up (CNFL
12.1 mm/mm2, slope21.6% per year). G and H: A participant with T2D (CNFL 14.3 mm/mm2) who had RCNFL and developed DSP over 5 years of
follow-up (CNFL 5.6 mm/mm2, slope 212.6% per year).
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T1D with RCNFL was 214.67 6 11.46%
per year compared with 2.58 6 9.93%
per year in T1D without RCNFL (P ,
0.001). The change in CNFL for partici-
pants with T2D, 211.49 6 6.35% per
year, compared with 2.47 6 7.33% per
year in the T2D without RCNFL (P ,
0.001). The T1D group had one outlier
with a change in CNFL .100% per year

that is not shown on the cloud plot in
Fig. 1A. Examination of the change in
CNFL over time (Fig. 1B) demonstrated a
linearrelationship for those with RCNFL.
In contrast, T1D and the T2D partici-
pants without RCNFL showed a nonlin-
ear progression. In these groups that
are initially stable, there is an inflection
demonstrating a delayed decrease in

CNFL occurring later in time. This change
over time may represent stable partic-
ipants in whom the process of RCNFL is
later initiated.

We sought to determine the baseline
clinical measures that were associated
with the presence of RCNFL. Those with
RCNFL were not different with respect
to female sex (n5 39 [39%] vs. n5 216
[44%], P 5 0.30), baseline age (47.33 6
18.01 years vs. 46.906 18.76 years, P5
0.83), orbaselineHbA1c (8.1861.68%vs.
7.966 1.51%, P5 0.20) compared with
the control participants with diabetes
but without RCNFL (Table 2).

Those with RCNFL were more likely to
have baseline DSP (P 5 0.001), lower
baseline cooling detection threshold
(P , 0.001), and slower peroneal con-
duction velocity (P 5 0.013).

We also sought to determine if changes
from baseline over follow-up in clinical
variables were associated with the quan-
titative change in CNFL (Table 3). The
model shows that a 1% per year loss of
CNFL was associated with an increase in
DSP signs (P 5 0.012) and symptoms
(P5 0.022), loss of other corneal nerve
morphology CNFD (P, 0.001) and CNBD
(P , 0.001), as well as measures of large
fiber function. Specifically, such decline
was associated with a decrease in pe-
roneal amplitude (P 5 0.034), slowing
in peroneal conduction velocity (P 5
0.013) and higher F-wave latency (P 5
0.027), but not with the change in HbA1c
(P 5 0.30). We performed similar anal-
ysis for the change from baseline over
follow-up in clinical variables associated
with the quantitative change in CNFD
and CNBD (Supplementary Tables 4 and
5), respectively. These analyses showed
similar results except that there were
some differences in the specific nerve
conduction variables associated with
CNFD and CNBD changes.

We also examined the change in clin-
ical variables over follow-up between
patients with and without RCNFL. At
follow-up, patients with RCNFL showed
a greater change in peroneal conduction
velocity (21.1 m/s [23.6, 0.9] vs. 20.6
m/s [22.8, 1.5], P5 0.001) and peroneal
amplitude (20.3 mV [21.1, 0.4] vs. 0.1
mV [20.8, 1.0], P 5 0.0011). There was
no change in cooling detection compared
withdiabetes control patients (0.3 [21.8,
2.4] vs. 0.0 [21.6, 2.1], P5 0.18), with no
difference in HbA1c (0.0% [20.6, 0.5] vs.
0.0% [20.5, 0.6], P 5 0.37).

Table 2—Comparison of the baseline clinical characteristics and small and large
nerve fiber parameters of 101 patients with diabetes and RCNFL and the 489without

Characteristic
Diabetes with RCNFL Diabetes with stable CNFL

P value(n 5 101) (n 5 489)

Female sex 39 (39) 216 (44) 0.30

Age (year) 47.33 6 18.01 46.90 6 18.76 0.83

BMI (kg/m2) 28.56 6 5.98 27.25 6 5.90 0.052

Triglycerides 1.47 6 1.08 1.29 6 0.91 0.14

T1D/T2D, n 64/37 335/154 0.30

Diabetes duration (year) 19.76 6 14.85 18.70 6 14.04 0.50

HbA1c (%) 8.18 6 1.68 7.96 6 1.51 0.20

Baseline DSP 47 (47) 144 (30) 0.001

DSP signs 3.81 6 3.67 2.64 6 3.09 0.004

DSP symptoms 2.28 6 3.59 1.75 6 3.35 0.13

Small nerve fiber measures
Baseline CNFL (mm/mm2) 14.37 6 4.22 13.52 6 4.32 0.073
Cooling detection (°C) 25.90 (20.00, 28.10) 27.20 (23.40, 29.20) ,0.001

Large nerve fiber measure
Vibration perception (V) 15.72 6 11.60 15.18 6 16.68 0.70
Sural AMP (mV) 8.07 6 8.28 9.68 6 8.49 0.085
Sural CV (m/s) 39.62 6 7.73 40.76 6 7.89 0.10
Peroneal AMP (mV) 3.66 6 2.33 4.13 6 2.57 0.092
Peroneal CV (m/s) 40.86 6 7.02 42.83 6 7.20 0.013
Peroneal F-wave (ms) 56.00 (51.40, 71.30) 54.20 (49.20, 63.95) 0.030

Data are presented as mean6 SD, median (interquartile range), or n (%). P value for comparison
between diabetes control patients and the subcohort of patients with diabetes and RCNFL. CV,
conduction velocity.

Table 3—The estimated change in clinical, neurological, and electrophysiological
variables associated with a 1% per year loss of CNFL in the 590 participants with
diabetes

Characteristic Parameter estimate Lower CL Upper CL P value

HbA1c 21.01 22.94 0.92 0.30

BMI (kg/m2) 0.13 21.12 1.38 0.83

DSP signs 1.51 0.34 2.69 0.012

DSP symptoms 1.66 0.24 3.07 0.022

Small nerve fiber measures
CNFD (fibers/mm2) 22.00 22.17 21.82 ,0.0001
CNBD (branches/mm2) 20.96 21.06 20.87 ,0.0001
Cooling detection (°C) 0.30 20.43 0.84 0.53

Large nerve fiber measures
Vibration perception (V) 0.027 20.13 0.18 0.73
Sural CV (m/s) 0.41 20.001 0.82 0.051
Sural AMP (mV) 0.39 0.030 0.81 0.069
Peroneal AMP (mV) 21.87 23.60 20.15 0.034
Peroneal CV (m/s) 20.93 21.66 20.20 0.013
Peroneal F-wave (ms) 0.34 0.04 0.63 0.027

The regression parameter estimate shows the percent change in CNFL associated with a one-unit
loss in the given variable. CL, confidence limit; AMP, amplitude.
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Finally, we explored the presence of
RCNFL in participants with diabetes who
hadDSP at baseline (n5198), new-onset
DSP (n5 84), and no DSP at baseline and
remained stable throughout (n 5 300).
RCNFL was more prevalent in those with
DSP at baseline compared with those
with new-onset DSP or no DSP (no DSP
36 [12.2%], new-onset DSP 16 [19.0%],
and DSP 47 [24.6%], P for trend 5
0.0018). The average CNFL slope was
not different between these groups
(0.3 6 9.2 vs. 21.6 6 8.8 vs. 21.0 6
13.9, P for trend 5 0.25).

CONCLUSIONS

The current study provides the first ref-
erence distribution for annual change in
CNFL for control patients without diabe-
tes and thosewith T1D and T2D.Wehave
called an abnormal change in CNFL RCNFL
and have defined it as a change beyond
the 5th percentile of the population of
control patients without diabetes, or a
loss of 6% per year or more. Our analysis
shows that RCNFL occurs in 17% of par-
ticipants with diabetes and is associated
with the new onset of DSP among those
without neuropathy at baseline, and the
progression of DSP among those with
neuropathy at baseline. Furthermore, it
appears to be independent of the level of
baseline glycemia or the change in gly-
cemic exposure over time.
RCNFL was observed in a higher pro-

portion of participants diagnosed with
DSPandobjectivemeasuresof smallfiber
damage compared with those with new-
onsetDSP.Ofnote, RCNFLoccurredmore
often after the gradual progression of
subclinical nerve damage as opposed to a
change that precedes the diagnosis of
DSP. Thiswasevidentwhenweexamined
the prevalence of RCNFL between par-
ticipants with diabetes and no DSP, new-
onset DSP and DSP at baseline. When we
examined the change in clinical charac-
teristics betweenbaseline and follow-up,
those with RCNFL showed evidence of
progression of large nerve fiber impair-
ment despite no change in HbA1c com-
pared with control subjects. This implies
that our reference distribution for an-
nual change can identify patients at risk
for rapid disease progression. More-
over, patients at risk for rapidly losing
small nerve fiber before impairments in
large fiber function may be detected
earlier by way of the evaluation of their
annual change in CNFL, which is consistent

with current understanding of the natural
history of DSP (2).

While the measurement of intraepi-
dermal nerve fiber density can be con-
sidered the gold standard for assessing
small nerve fibermorphology in research
and for the diagnosis of small fiber neu-
ropathy (24–26), CNFL offers an alterna-
tive. It appears to be a noninvasive and
objectivebiomarker that allows clinicians
and researchers to also monitor small
nerve fiber morphology. Preliminary re-
search of IVCCMhas used cross-sectional
studies to demonstrate that a single mea-
sures of CNFL ,15 mm/mm2 can predict
the future incidenceofDSPandthosewith
CNFL ,11 mm/mm2 are likely to have
prevalent DSP (11,12). As such, a single
measure of CNFL is important for clinical
assessments and establishing baseline
DSP monitoring, while our reference
distribution will now permit clinicians
to interpret normal versus abnormal lon-
gitudinal change.

The reference distribution presented
herein was developed from the first
large-scale longitudinal study of IVCCM.
This is an important step to advance the
diagnostic validity of CNFL (7) and may
permit clinicians to identify patients at
risk forDSP. The current analysis expands
on this concept in that it implies that
patients at risk for new-onset diabetic
DSP (with CNFL,15 mm/mm2) could be
recruited into intervention trials for DSP
as a strategy to improve statistical power
and limit recruitment sample size and
that the longitudinal slope of CNFL or
proportion of patients with RCNFL could
be used as a surrogate measure of DSP
progression as primary or secondary out-
come measures.

The design of the current study min-
imized bias from recruitment and spec-
trum bias, though we acknowledge a
sample size limitation for the determi-
nation of the reference value for change
in CNFL. Our population of 204 control
patients without diabetes may limit the
accuracy of the estimate of the true
population and may be susceptible to
selection bias. A mixed effects model
was used to address this possible lim-
itation, andwenote that themixedeffect
modelmay haveoverestimated theprev-
alence of RCNFL in the participants with
diabetes. The next steps for IVCCM CNFL
will be to evaluate the implementation
in research trials and clinical practice,
such as the development of a harmonized

tool within the image analysis software
that will automatically calculate change
over time.

The reference distribution of annual
change in CNFL has been established
fromthe largestmulticenter cohort study
to date. Thesefindings support the use of
IVCCM CNFL as a simple, objective, and
noninvasive test for assessing and mon-
itoring DSP. The reference distribution
presented herein can be used to help
guide the design and inclusion criteria for
clinical trials of DSP modifying agents.
Such trials could use the CNFL slope or
proportion of patients with RCNFL as sur-
rogate outcomes for DSP status. Further
research must focus on how CNFL deter-
mines treatment decisions, the change in
CNFL in response to different therapies and
to further refine the proposed reference dis-
tribution of annual change in T1D and T2D.
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